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ABSTRACT 

Different aspects of plastic deformation are reviewed and 
analysed. A model is developed for the analysis of plastic defor- 
mation under low cycle fatigue conditions. 

The following types of experiments were undertaken on 9 Cr- 
1 Mo steel and 316 stainless steel. 

1. Constant strain rate tests - for strength and Dynamic Strain 
Ageing 

2. Strain rate change tests to determine activation parameters 

3. Stress relaxation tests 

4. Load cycling bet'ween a tensile stress range below the flow 
stress, with and without creep holds to measure energy absorp- 
tion in cyclic deformation. 

Constant strain rate tests were used to obtain flow stress values 

at different temperatures. In the temperature range of 523-673K 

—5 —3 

and strain rate range of 2.99 x 10 /sec to 1. 19 x 10 /sec, the ' 
critical strain values for the onset of serrated flow were used to 
get the activation energy for solute migration and the process is 
identified as carbon diffusion. Strain rate change tests were 
made use of to determine effective and internal stresses, velocity 

i 

stress exponent, activation volume and activation energy. Prom ; 
the activation parameters the dislocation mechanism controlling 
the rate of plastic deformation was identified and a force (P) - - 

resistance (d) relationship of the type P 
s process. 


is obtained for 
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To analyse the results of cyclic deformation the activa- 
tion volume was separately obtained by stress relaxation experi- 
ments. Expressions are developed to correlate the energy absorp- 
tion to a dislocation relaxation process. The temperature depen- 
dence of the energy absorption is examined and analysed in terms 
of a rate controlled dislocation relaxation process and its acti- 
vation energy identified. It is found that the observations can 
be rationalised in terras of a model where dislocations undergo 
small fluctuations from pinned impurities giving rise to micro- 
strain and irreversible energy absorption in cyclic deformation. 

A nxamber of data are presented with a possible similarity to 
internal friction. 

Toughness values are analysed for the direct tensile 
tested samples and load cycled samples vrith and without creep holds 
at different temperatures. Density of dislocations and point 
defects, preferably vacancies are determined from the extrapolated 
toughness at 0*^K. Nearly 5C^ of the entropy may be accounted for 
as arising from dislocations and vacancies. The remaining is 
attributed to the entropy of heat dissipation. ; 



CHAPTER 1 


INTRODUCTION 


1, 1 Importance of the Materials Used : 

Both 9 Cr-1 Mo steel and 316 stainless steel (316 SS) are 
commercially important, 9 Cr-1 Mo ferritic steel, though origi- 
nated mainly for oil industry in the 1930s, has now become one of 
the most important constructional materials. This material is 
well accepted as a structural material in the nuclear industry. 

It also finds its use in steam-generators, evaporators and parts 
of the superheaters of the Advanced Gas Cooled Reactors. It shows 
excellent strength and ductility, tolerance to variations in heat 
treatment and cold work, good micro structural stability fll# good 
creep resistance [2I and good corrosion resistance [3]. All these 
propearties enhance the range of applicability of this material in 
nuclear industry. The general application is in the normalised 
and tempered condition. 

AISI Type 316 stainless steel is a modification of the 
standard type 304 austenitic SS by the addition of molybdenum. 

It shows good creep and corrosion resistance. It is used for the 
construction of high temperature thermal power plants and is a 
candidate structural material for the fast breeder reactors. It 
is generally fabricated in the solution treated or slightly cold- 
worked state. 
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1. 2 Objectives of the Present Work : 

Both 9 Cr- 1 Mo steel and 316 SS are high temperature 
materials. In the normalised and tempered condition, the micro- 
structure of 9 Cr- 1 Mo steel essentially consists of ferrite 
^ich is B.C.C. along with some martensite and carbide particles. 
316 SS is austenitic (F.C.C. ) with some amount of carbide precipi- 
tates in it. Thus, the two materials belong to two different 
crystal structures, micro structurally similar, and find similar 
applications. 

The general application of these materials is in the 
temperature range of 100-500*^0 and therefore a knowledge of their 
flow properties in this temperature range is essential for design. 
In use, they undergo complex stress hysteresis resulting in creep 
and fatigue. An extensive evaluation of the tensile and creep 
properties are available [2, 4], but, there has been no significant 
efforts made to determine the fundamental deformation mechanisms, 
though some studies on 316 3S are available [ 5, 6]. Normally 
these materials are also known to exhibit dynamic strain ageing, 
with different combinations of temperature and strain rates. 

An attempt has been made to identify the mechanisms under 
different conditions of flow by separately detearmining the acti- 
vation parameters. The activation parameters for defoarmation are 
obtained by first determining the velocity- stress exponent (ra ) , 
and then using this value along with the stress increment Ax 
observed in instantaneous strain rate change tests, the effective 
and the internal stresses along the stress- strain curve are deter- 
mined. Activation volume (V*) and the total activation energy are 
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then obtained to identify a dislocation mechanism. The activa- 
tion energy for dynamic strain ageing is determined by determining 
the critical strain for the onset of strain ageing in constant 
strain rate tests in the temperature range 523-67 3° K. With the 
combinations of temperature and strain rates used here, the 316 SS 
did not esiiibit any dynamic strain ageing, and therefore the anal- 
ysis is shown only for 9 Cr-1 Mo steel. 

In the temperature range of their application both the 
materials are well into the domain of creep. Their yield and 
ultimate tensile strengths, toughness* etc. decrease and reach 
nominal values at temperatures at about half the melting point. 

In addition, temperature variations give rise to thermal stresses 
and other service factors lead to fatigue. Hence, the materials 
are simultaneously svibjected to a combination of creep and fatigue 
under service conditions leading to creep-fatigue interaction. 
Though it is difficult to simulate these service conditions, a 
quantitative evaluation of the energy absorbed per cycle, under 
conditions of low cycle- fatigue with a constant tensile stress 
range with and without creep holds can nevertheless be made. A 
mathematical e>cpression is developed to correlate the energy 
absorption to a rate controlling mechanism with an activation 
energy. Since energy absorption involves anelastic deformation, 
the activation volume in low cycle- fatigue is separately deter- 
mined by stress relaxation experiments. It is found that this 
activation volume is about one fourth of that observed for plastic 
deformation. 

Thus the work dwells upon five different aspects of 
deformation and its analysis: 
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(1) Analysis of thermally activated deformation wherein the 

"k 

internal stress / effective stress (t ) and activation 

voltime (V ) etc. are experimentally determined leading to 
the determination of an activation energy and a rate control- 
ling deformation mechanism. The force distance curve for 
the dislocation-obstacle interaction is then worked out. 

(2) Dynamic strain ageing in the 9 Cr-i Mo steel is then analysed 
to determine the activation energy for carbon diffusion. 

(3) Analysis of the stress relaxation under constant strain with 
an intention to determine activation volume is carried out. 

( 4 ) A detailed analysis of the energy absorption characteristics 
in low cycle fatigue using a tensile stress range below the 
flow stress/ with and without creep holds is carried out. 
Analysis of the temperature dependence of toughness in both 
the steels is performed. 


( 5 ) 



CHAPTER 2 


L ITERATURE REVIEW AHD THEORETICAL ANi\LYSId 


2. 1 Introduction: 


Plastic deformation of metals is associated vath disloca- 
tion motion under stress. During their motion, dislocations come 
across some obstacles or a spectrtim of obstacles. The applied 
stress and thermal fluctuations of the dislocations assist them 
in overcoming these barriers. Plastic deformation depends upon 
the rate of overcoming these obstacles — the hardest obstacle 
controlling the rate of deformation at any given temperature. 
Hence an Arhenius type equation can be used to describe the plas- 
tic deformation rate: 


# 

r 


A 


V exp - 


ru(lL_ 

kT 



( 2 . 1 ) 


vhere 

T is the shear strain rate, 

A is a constant, 

V is the frequency factor and 

U(T , T) is the activation energy. 

The idea of expressing plastic deformation by this type of expre- 
ssion was originally conceived by Becker [ 7 ] without any consider- 
ation of dislocation motion. 

A number of factors offer resistance to dislocation motion. 
In a perfect lattice, dislocation motion takes place by slight 
readjustments of atoms [ref. Figxire 2, ll . The energy configuration 
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of a dislocation varies with its position in between the two 
equilibritam positions [ref. Figure 2,2]. The energy is maximuni 
half way between the two equilibriam positions. The stress 
required to move a dislocation along this energy path is maximum 
at X = b/4 [ref. Figure 2.2]. This maxim\am stress is called 
Peierls-Nabarro stress [ 8, 9], Peierls-Nabarro stress is the 
intrinsic resistance offered by an otherwise perfect crystal 
lattice to the motion of dislocation. The distance between two 
equilibritam positions being least in the close-packed planes and 
directions# Peierls-Nabarro stress is low for dislocation motion 
in these planes for F. C. C. and C.P.H, metals and is an effective 
source of resistance to dislocation motion at low temperatures. 

The other crystal defects include point defects like 
vacancies, interstitials, sxibstitutional atoms, etc. and surface 
defects like twin boundaries, grain boundaries, etc. The volxjme 
defects include precipitate particles, second phase particles, 
etc. The presence of these involve rearrangement of atoms and 
hence straining of the lattice and introduces local stress barr- 
iers in the lattice. Presence of dislocations also increases the 
internal stresses in the lattice. These stress fields are long 
range and extend to several interatomic distances. 

During their motion, dislocations may intersect a stati- 
onary forest of dislocations threading the glide plane leading to 
jog or kink formation. These, along with the Peierls-Nabarro 
stress cause resistance to dislocation motion in the slip plane. 
Apart from these, screw dislocations may cross slip and edge 
dislocations may climb. These two represent resistance to the 
motion of dislocations out of the slip plane. All these are 



Slip Vector 



Fig:2.1 An Edge Dislocation; Open Circles 
Represent Atom positions After Motion 


Peierls -Nabarro Energy 



Fig •2-2 Variation in Energy and Stress with Distance 
for a Dislocation in a Close Packed Direction 


represented in Figure 2, 3. These barriers to dislocation motion 
are of short range in order, with an intensity distance of about 
10 atomic diameters. 

The dislocations shoiold have high energy to overcome the 
long range obstacles. The energy associated with thermal fluc- 
tuations alone is not sufficient to assist dislocations in over- 
coming these barriers. The long range barriers i^hich are generally 
independent of temperature are called athermal barriers. The short 
range obstacles can be overcome by the assistance of thermal 
vibrations since they are associated with small activation energy 
values. These constitute thermal obstacles resisting dislocation 
motion. Thermal fluctuations assist the applied stress in getting 

•k 

a dislocation segment of length 1 past the barrier. Detailed 
analysis of the mechanisms of the process, effect of stress on 
the activation energy for these thermal obstacles, etc. , are 
given in a number of papers [lO-iS], 

k 

The activation energy U(t , T) , depends on the mechanism 
of activation. The effect of stress on activation energy may be 
negligibly small as in climb or appreciable as in intersection 

k 

of dislocations. The activation length 1 and activation distance 

k k 

d over vdiich dislocation segment 1 is to be moved by the stress 
determine the dependence of activation energy on stress. An 

k k 

activation volume V is defined as the change in U(t , t) with 

4 3 

respect to shear stress. Activation volumes vary from 1 to 10 b 
for different mechanisms as shown in Table 2. 1. |[i 

At any position in the lattice a dislocation will expej 
ience a combined effect of long range and short range stress f:: 
along with the Peierls-Nabarro stress. The internal stress fic 



encountered by a dislocation is shown in Figure 2.4. It is 
obvious that a positive internal stress opposes the dislocation 
motion and a negative internal stress aids it. 


Table 2. 1 

Activation volume values for some thermally activated processes 


Mechanism 

i 

1 

Typical activation volxxme 

I 

Overcoming the Peierls-Nabarro stress 

10^ 

t 

O 

to 

b^ 

Intersection of forest dislocations 
resulting in the formation of two 
jogs 

i02 

4 

- 10 

b^ 

Non- conservative motion of jogs 

10^ 

- 10^ 

b^ 

Cro s s si ip 

10^ 

- 10^ 

b^ 

Climb 


1 b^ 



As can be seen from Figure 2. 4 , the rate controlling 
process will be the thermally activated overcoming of the strong- 
est sho3rt range obstacle situated near the top of the opposing 
long range stress field. At 0°K the applied stress needed to 
cause plastic flow is Tq. At any higher temperature, thermal 
fluctuations assist the applied stress, so that plastic flow 
occurs at a stress t lower than t^. Shaded area in Figure 2. 4 
gives the thermal energy required to overcome the barrier. As 
the temperature is increased t can decrease upto which is the 
amplitude of the opposing long range stress field. The value 
depends only on the shear raodxilus and the dislocation density. 
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Fig. 2. 


Fig. 2. 


a overcoming PEIERLS-NABARRO STRESS 
KinK 


‘ dislocation 


l~ INTERSECTION or forest DISLOCATIONS 
^ ©-^--FOREST 

Dislocation 


GLIDE 

dislocation 



c NON CONSLNvA’ I.t motion OF JOGS 



VACANCIES 

dislocation 


d CROSS- SLIP 




3 Thermally activated dislocation mechanisms. 


ir 



- short-range stress field 

long-range stress field 




T . t*{T, y )♦ T^. 









wavelength of long-range 
stress field 


4 Internal stress fields encountered by a dislocation 
moving through the crystal lattice. 



Further increase in temperature will not have any effect on the 
stress required for plastic flow. The flow stress (t) of a 
material can be represented as the sum of a theraal component (t ) 
and an athermal component (tj^) [19]* and x are termed inter- 

nal and effective stresses respectively. The internal stress 
depends on the temperature only through the shear modulus, 
whereas the effective stress depends on temperature and strain rate. 
Accordingly, 

X = x^ + X* (T, . (2. 2) 

The variation of yield or flow stress in this model is shown in 

"ic 

Figure 2.5. The temperature at vhich x becomes zero is repre- 
sented by T^ in Figure 2.5. At this temperature the entire energy 
for overcoming the shoirt range barrier is supplied by the thermal 
fluctuations. In actuality, the temperature T^ may be above the 
melting temperature. 

A thermal activation barrier vliere the energy barrier is 

•k 

not a function of x is shown in Figure 2,6. Such a situation 
arises at the intersection of dislocations and during non-conser- 
vative motion of dislocations. Under the application of a stress 
X > x^, the dislocation moves up the barrier to the position P 
given by 

F = X* b 1* (2.3) 

where 

k 

X is the effective stress equal to the difference 
between the applied and internal stresses. 
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Fig. 2. 5 


nf stress with temperature 
Variatio^ and athermal stress 

showing 


and strain 
component s. 


rate. 
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Fig. 2.6 


^-^^pe of thermal activation 

A common tyj^ ^ 

ref erenc® 


barrier 


after 
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b is the Burgers vector and 

'k 

1 is the length of dislocation segment involved in 
the thermal activation. 

The energy y^ich must be supplied by thermal fluctuations to 
overcome the obstacle is given by the shaded area under the curve 
in Figure 2.6 and is designated by U(t , T) . Work done by the 
applied stress during thermal activation is: 

W = T b 1 d ( 2. 4) 

k k 

■where d = - x^. 

k 

The term U(-r # T) can be represented in two ways: 

(a) If is taken as the total area under the force distance 

k 

curve, then U(t , T) is given by the difference between 
and the total work done by the applied stress in overcoming 
the obstacle. 

Xo 

U = U - r / F(x)dx + T* b 1* d* + / F(x)dx] (2.5) 

° o * 

X 

o 

U = (2-5a) 

where V* is simply the sum of the energy terms within the brackets 
divided by t*. Since has the dimensions of a volume, it is 
termed as activation volume. 

(b) The term U(t , T) is also given by the area under the force 

k k 

distance curve between x^ and x^ (designated as U ) minus 
the -work done by the aj^plied stress during thermal activa- 


tion i. e 
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The symbol V* is termed the activation volume. 

This analysis applies only to the situation \chere the 

ic 

energy barrier and 1 do not depend on the stress. For such cases 
where the energy barrier varies with stress (e. g, Peierls-Nabarro 
stress, cross-slip, etc.) there does not exist a single U versus 
distance curve and the situation is more complicated. In such 
cases V does not represent the product bd 1 , but simply gives 
-dU(T*, T)/d *. 

The identification of a rate controlling mechanism invol- 
ves the determination of activation energy and activation volume. 
The rate of deformation is expressed as an Arhenius type of 
equation involving the appropriate variables and activation energy. 
The equation is simplified to the form which would make it poss- 
ible to estimate the activation energy associated with the 
process using experimentally obtained values. The activation 
energy so obtained and the activation vol\ime calculated with the 
help of the simplified equations are compared with those values 
calculated for different mechanisms to identify the mechanism. 
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2. 2 Thermally Activated Plastic Derormation : 

Seeger [19]# based on his studies on the flow stress on 
zinc and cadmium at different temperatures# suggested that the 
flow stress x of a material can be represented as the sura of a 
temperature dependent component x and a temperature independent 
component x^j^. He pointed out that the athermal component is 
due to the long range stress fields of dislocations and its 
dependence on the temperature is only through the shear modulus 
as: 

x^ = a G b { 2 . 1 ) 

where 

a is a constant ranging between 0. 1 and 0. 2, 

G is shear modulus, 

b is Burgers vector of dislocation and 
p is dislocation density. 

"k 

The thermal component x depends on the temperature and the strain 
r at e. 

The flow stress of a material at a temperature and strain 
rate can then be represented as in Eq, 2. 2. The flow stress 
versus temperature plots show a flat region at higher temperatures. 
The stress in this region gives the athermal internal stress com- 
ponent x^. The thermal component x , also termed as effective 
stress is given at any temperature by the difference between the 
applied stress x and internal stress 

Based on the above concepts# Conrad and Weidersich [20] 
developed a thermodynamic theory of thermally activated deformation 




16 


•k 

in terms of t and temperature. These were extended further by 
Christian and Masters [21] and Li [22/ 23]. 

k 

There is contention about the usage of t as a thermo- 
dynamic variable [24, 25, 26] . Hirth and Nix [27] support the 
idea that T* and T are the natural variables to use in comparing 
ej<perimental results with theory if a local activation site can be 
pin pointed. 

The stress field envisaged in the Seeger-Conrad-Weidersich 
approach is as shown in Figure 2.4. The long range internal 
stress field is assumed to be periodic with a wavelength X. 
Superimposed on this are the short range stress fields. Thermal 
fluctuations assist the applied stress in moving the dislocation 
segment past the thermal obstacles since the latter are low' energy 
barriers. Dislocations cannot overcome the long range stress 
fields by thermal fluctuations alone. The short range stress 
fields of highest energy situated near or on the maximum of the 
long range stress field will control the plastic deformation. 

The detailed analysis of common the3nnal activation mechanisms are 
reported in a nximber of publications [10-18], 

Each mechanism can be identified by the activation para- 
meters namely activation energy and quantitative variation of 

k 

activation energy with shear stress. Change in U(t , T) with 
respect to shear stress is termed as the activation volxame, 

V* = - du(T*, T)/dT*. In the case of thermal activation where 
the energy barrier is not a function of stress we have = bd*l*. 

2.2.1 The determination of T* and 

The dislocation velocity is a strong function of the 
■ ’ - P'JR. 7Q . 30 1. Usuallv the 
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effective stress acting on a dislocation line is differentiated 
from the applied stress during deformation [31, 32, 33 ]. 

Following dislocation velocity measurements in LiP, 

Jhonston and Gilman [28] obtained an empirical relationship: 

* 

m 

V = B T (2.8) 

where 

V is the dislocation velocity, 

B is dislocation mobility at unit shear stress, 

"At 

T is effective shear stress and 

•k 

ra is the velocity stress exponent. 

'k 

The constant m is characteristic of a material and dependent on 
temperature. The relationship in the Eq. 2.8 has since then been 
confirmed by other research workers [29, 30, 3l]. 

Dynamic aspects of crystal plasticity are related to the 
dislocation mobility. The relationship between the shear strain 
rate r, the mobile dislocation density P, and the average velo- 
city of these dislocations is given by [34] 


f = a b p V 

where 

b is Burgers vector of the dislocations and 
a is a geometric factor. 

Combining equations 2.8 and 2. 9 we can write 

. *m* 

T = a b p BT 


(2.9) 


( 2 . 10 ) 


The mobile dislocation density is assumed to be unchanging 
with the strain rate, provided the changes in strain rates are not 
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very high. Equation 2. 10 can also be represented as: 

In r = ln(a b B) + In p + m* In x* (2. 11) 

Differentiating this we get: 

3 In r = 3 ln(a b B) + 3 ln(p) + m* 3 In x* (2.12) 


From the aforesaid assumptions this reduces to 

3 In r = m* 3 In X* (2. 13) 

For the instantaneous strain rate change tests we can write this 
equation as: 


in V ) 


A In X 


The Eq. 2. 14 can be written in the form 


•k 

ln(^) 


In 


k k 

T ^ + AT 


m 


In 


r- 


(2. 14) 


(2. 15) 


'k k 

where x^ and X 2 are the effective stresses at the strain rates 
and respectively and Ax is the change in effective stress 

associated with the strain rate change. From the as sumption /that 
diiring the strain rate change there is no variation of internal 
stress, the change in effective stress Ax* is equal to the diange 
in applied stress Ax, Using this, Eq. 2.15 can be solved for T* 
to get 



Ax 


(fVri) 


1 


(2. 16) 
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Since the effective stress is given by 


* 


T 


= T 


T 


i 


(2« 17) 


we can find out x as 


= T 


Ax 


('>' 2 / '''jl) - 1 


( 2 . 18 ) 


The use of Eqs. 2. 16 and 2. 18 is based on two assiimptions 

1, The Jhonston-Gilraan velocity stress relationship is valid 
throughout the deformation. 

'k 

2 . m is independent of strain. 

Validation of these assumptions is confirmed by the 
studies on LiF crystals [28] and single crystalline and polycrys- 
talline pure iron [32]. 


2. 2, 2 Energetics: 

The shear strain rate is given by 


N A b exp [ - 


exp[ 


U(T . T) 

kT 


(2. 19) 


where 

N is the nimber of activation sites per unit vol\ame/ 
A is the area swept by a dislocation line segment 
during thermal activation, 

V is the frequency of vibration associated with the 
dislocation segment, 
k is Boltzmann constant. 


N A b 0 / and 
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U(t , T) is the thermal component of the total activa- 
tion energy e^^pressed as: 

U(T*, T) = - V* t:* (2.20) 

-:k' 

For a single rate controlling mechanism, where U(t , T) 
is primarily a function of T , and the frequency factor does 
not change with temperature or stress it can be shown that [20] : 


U(T*, T) 


kT^C-^ 


In 

3T 


3t 

ar 


( 2 . 21 ) 


, „2. 3 In 2i 

3T ' '~dT G * dT-! 


(2. 21a) 


for constant 


V 


strain rate tests. Also 

_ du(Tt .,.. a ^ kt 

d T 

ln(f /r) 

k 

( 3T /3T) ^ 


T, 


Equation 2. 19 can be rearranged to give 


( 2 . 22 ) 

(2. 22a) 


U(t*, T) = - kT ln(r/f^) 


(2. 23) 


The significance of the above equations is that, an evaluation of 
the deformation process can be done experimentally, from the know- 
ledge of the three macro-deformation partial s 


(• 


3 In 
3(i7t) 


) 


'‘3T ^ 


and 


. 3 In 
^ 3T ' 


The values of U(t*, T) , and v can also be obtained from measu- 
rements on the effect of stress and temperature on dislocation 
velocity by replacing the strain rate term in Eqs. 2. 19 to 2. 23 
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with the dislocation velocity v. The assumption is that T) 

is a function of effective stress, independent of temperature. If 
U(t , T) is a strong function of temperature, Eqs. 2. 22, 2, 22a 
and 2. 23 are not valid and these should be replaced by 

J C2.24, 

<3, X ^ T 

= - kT^r|,^ 1 (2,24a) 

T* T 


and 


U(t*, T) 


r 

'O 

kT In 3 

T 



[kT ln{r^/'0] 
_ 


} 

T* 


(2. 25) 


2. 2. 3 The determination of m : 

The constitutive equation for stress (t) and strain rate 

(r) is 


T 


= K r 


ra 


r,T 


(2. 26) 


where K is a constant and m is the strain rate sensitivity. This 
equation on suitable differentiation gives: 


m 


3 In T 
3 In r 


i. e. 


l/m 


3 in y 
3 In T 


(2. 27) 


The expression for strain rate as given in Eq. 2.9 on differenti- 
ation gives 


3 In ‘y 3 In V 3 In P 

3 InT "" 3 In T 3 In T 


(2. 28) 
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Substituting from Eq. 2. 13 in the above equation we get 


1 

m 


* . 3 In P 

= m + ' 


(2. 29) 


3 In T 

At very small strains the contribution due to dislocation density 
is negligible f 30]. This is true only if the strain is so small 
that only one dislocation moves. This gives. 


m 


/ 3 In s 
3 In T 


(“) 


(2. 30) 


r 


T O 


The value of m is obtained by extrapolating l/m versus 
shear strain curve to zero strain. This method though not very 
accurate gives reasonably close values of m if m values are not 
very low [29, 30]. Results of strain rate cycling tests on single 
crystalline and polycrystalline pure iron are shown in Figures 2.7 
and 2.8 after reference 32. 

Michalak [32] suggested another ejqjression for m* as 

follows I 


■k 

m 



T ^ ^ 

i AX 


(2. 31) 


The increase in 1/m with strain (ref. Figure 2.7) can be explained 
on the basis of this expression as due to the increase in internal 
stress with the increase in strain (ref. Figure 2.8). It is still 
assxmed that m is constant. 


2. 2, 4 Determination of activation parameters: 

Once m is determined the stress components and x can 
be calculated using Eqs. 2, 16 to 2. 18, Activation volume is then 
determined using the Eq, 2. 22. Using the calculated activation 




STRAIN in/in 


rig. 2.7 Variation of "m" with strain, strain rate and 

strain rate increment for polycrystalline iron at 
300°K. 



STRAIN in/in 


Fig. 2.8 Applied stress effective stress x* and 

internal stress Xi vs. strain for polycrysta- 
lline iron at 300°K. 



24 


voliime and the effective stress# the stress dependent part of 

'k -k 

the activation energy V t can be calculated at different temper- 
atures. The activation energy is then determined from Eq. 2. 20. 
Equation 2. 19 can be rewritten as: 


u(T*, T) = - kT ln(r/'^Q) 


(2. 32) 


On substituting this in Eq. 2. 20 and on rearrangement# it gives 

U 


T* 

kT 


+ in(-f-) 


(2.33) 


A/ *I<" 

A plot of — j;,— versus l/kT gives a straight line with its slope 
giving and intercept giving the frequency parameter. Thus the 

thermal component of the activation energy is given by -kT In t/t . 

o 

From the values of V and the activation process is character- 
ised. 


Frank [35] showed that Eq. 2.20 is valid even in the case 
of an obstacle spectrum# because the hardest obstacle with the 
highest activation energy would still be rate controlling. N of 
course# will then be represented in terms of an obstacle density 
distribution function for a slip plane and will cover all such 
possible slip systems in polycrystalline materials. For a single 
crystal# however# this will be a discrete sum. 


k 

2. 2. 5 The temperature dependence of m : 

k 

Temperature dependence of ra in the sub-zero temperature 
range had been determined by etch pit technique and strain rate 
cycling method [30# 32# 36 ]. The results from the two methods 
are in good agreement (ref. Figure 2.9). However# below 200°K# 
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the m values from strain rate cycling are found to be consider- 
ably higher than those obtained by etch pit technique, in the 
case of iron and other B.C.C. metals (ref. Figure 2.9). 

It is observed that the value of ra from strain rate 
cycling is considerably larger than the one from etch pit tech- 
nique and that the strain rate sensitivity is strain independent 
[ 371 . Strain independent nature of strain rate sensitivity is 
also reported for iron below 17 5K [32]. 

It is suggested that strain rate change causes a large 
change in mobile dislocation density below 180K and hence gives a 
higher value for m* than that obtained by etch pit technique [32]. 
However at higher temperatures this effect is negligible. 

2.2.6 Effect of strain on and x : 

The effective stress remains almost independent of strain, 
whereas internal stress increases with strain. Works of Michalak 
[32] support this (ref. Figure 2.8), It is seen that effective 
stress slightly decreases with the increase in strain. This is 
attributed to the decrease in mobile dislocation density with 
strain. The internal stress is considered to be the long range 
stress exerted by dislocation tangles and cell walls [ss]. Hence 
the increase in internal stress with strain can be explained as 
the effect of increased dislocation tangles and cell walls. 

2. 3 Dynamic Strain Ageing : 

During tensile or compressive testing some materials 
exhibit repeated and systematic fluctuations of load in the load 
elongation curve. This serrated flow is attributed to the process 
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of dynamic strain ageing (DSA) . The discontinuous flow is other- 
wise known also as Portevian-Le-Chatelier effect. This field is 
of much importance as revealed by numerous investigations. The 
temperature regime of serrated flow has been found to depend on 
the chemistry and strain rate [39] and grain size [ 40 ], 

There is no clear consensus as to the details of the 
mechanisms of DSA. The early attempt to e3<plain the mechanism 
was that of Cottrell [41, 42]. According to this model a solute 
atmosphere is formed about the moving dislocation, and dragged 
along the dislocations moving at less than a critical velocity. 


4D 

1 


(2. 34) 


where 

D is the solute diffusion coefficient and 

1 is the effective radius of the atmosphere given by 

U b 

1 = 3^“ (2.35) 

is solute-dislocation binding energy. 

The dislocations escape from the solute atmosphere under the appli- 
cation of stress and hence the load required to deform decreases. 
The process of fomation of solute atmosphere around dislocations 
and the dislocations escaping from the solute atmosphere takes 
place repeatedly. This leads to a serrated flow. 

According to this model, the serrated flow should start 
right from the beginning of plastic flow. But experimental 
results have shown that the onset of serrated flow at a critical 
strain ^nhich depends upon the strain rate and temperature. Further, 
in substitutional alloys, D is initially far too small to account 
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for the observed phenomenon. But the increase in vacancy concen- 
tration associated with the plastic deformation enhances diffusion 
of solute atoms. Dislocation velocity also decreases with 
straining. This results in a critical strain at wiich serrated 
flow begins. 

The strain rate can be expressed in terms of the vacancy 
concentration (C^) and the mobile dislocation density P [42, 43] 
as: 


e = 4 b p C D exp 

VO 




'm 




%jhere 

Q is the activation energy for migration of solute 
m 

atoms and 

is the diffusion frequency parameter. 

The increase in vacancy concentration and mobile dislo- 
cation density with strain can be expressed as: 

m , 


K 


N e' 


(2.37) 

(2.38) 


Siobstitution of these values in Eq. 2, 36 gives on rearrangement 

(2.39) 


m^+j8 


1 6 exp(Q^/kT) 


4 b K I'J D. 


Measurement of the strain rate dependence and temperature depen- 
dence is in accordance with Eq. 2.39. Taking logarithms this can 
be written as: 


(m^ + 


^) In e. 


ln( 


4 b K N D 


-) + In £ + 


(-J5) 

^kT^ 


(2.40) 
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At a particular temperature a plot of In e versus In results 
in a straight line with a slope giving (m^^+jS) . The general values 
of (mj^+3) range from 1.6 to 3,3 [44, 45]. Value of is obtained 
from the slope of In versus (l/T) at constant strain rate using 
the (mji+3) value already obtained. 

It is reported that critical strain variation with temper- 
ature shows a reversal at higher temperatures [46, 47]. This 
represents a delay in the onset of serrated flow. The explana- 
tion as given by Hayes and Hayes [46] for this phenomenon is given 
below. 

1. Solute atmosphere form on moving dislocations. 

2. Advancing lines of dislocations are arrested at precipitates. 

3. Atmospheres condense on dislocation lines during the waiting 
time at the precipitate barriers. 

4. Dislocation lines bow out between the precipitates during 
deformation (Orowan mechanism). 

5. Carbon diffuses by pipe diffusion down these dislocation 
lines from the bowed out segment of the lines to the preci- 
pitate vihich acts as a sink for carbon. 

These dislocation lines, then drained of carbon, move on 
in a normal fashion without producing serrations. 

At higher temperatures solute precipitate reaction rate 
being higher, more and more solute is able to diffuse down the 
dislocation line to the precipitates. At lower strain rates, more 
time is available for the diffusion. Both these lead to a higher 
critical strain for the onset of serrated flow. Finally at very 
high strain the atmosphere formation rate at the dislocation 
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segment is higher than the rate of depletion. Hence normal serr- 
ated flow is observed at higher strains. 

The variation of stress decrement can be used as a crite- 
rion for identifying the process controlling the DSA [46], Stress 
decrement is reported to increase as strain or temperature is 
increased and/or strain rate is decreased. No anomalous behaviour 
was observed even at higher temperatures [46] . 

As the temperature is increased or the strain rate is 
decreased, the serrated flow disappears. This occurs by either a 
progressively longer strain to the onset of serrations (a strain 
delay mechanism) or by a progressively smaller strain to the 
disappearance of serrations (disappearance off the end of the flow 
curve). This is attributed to the precipitation reaction [48]. 
For a serrated flow there shoiild be a minimTom concentration of the 
solute atoms in the solute atmosphere around the dislocation. The 
precipitate particles acting as sink, deplete the arrested dislo- 
cations of their atmosphere species. In the temperature region 
where strain delay exists, serrations appear on the flow curve 
only after the delay sinks approach saturation. Serrations then 
progress until their disappearance off the end of the flow curve. 
This may be because of the reaction between the carbon atmosphere 
and the surrounding carbide forming species. This reaction occurs 
nearly simxiltaneously at all reaction sites with no long range 
diffusion of either reactants required. 

In the DSA range materials exhibit a negative strain rate 
sensitivity [44, 48, 49] and an increase in work hardening rate 
[6, 49] with increase in temperature. Mulford and Kocks [ 49 ] 
made an attempt to explain the negative strain rate sensitivity by 
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considering the flow stress a as the stm of relating to fric- 
tion imposed by the solutes on the mobile dislocations and, 
relating to the dislocation-dislocation interaction which is the 
cause of strain hardening. Assuming this they derive two contri- 
butions m^ and m^ to the total strain rate sensitivity (m) . 
Following dislocation arrest theory of Sleeswyk [sO | vhich 
involves formation of solute atmosphere on forest dislocation and 
draining of these by pipe diffusion to the mobile dislocation 
while they are waiting at the forest dislocations, Mulford and 
Kocks [49 ] conclude that the strength of obstacles increases with 
the waiting time resulting in a negative m^. Role of pipe diffu- 
sion as a factor in the process causing serrations is also for- 
warded by other authors [47, 5l] . 

2. 4 Stress Relaxation : 

When a tensile test in a hard beam machine is stopped the 
stress relaxes. The relaxation results from a limited continuation 
of glide initiated during yielding, if the material is held iso- 
thermally under stress. Dislocation 'hung ups' at obstacles in 
the glide planes are probably impelled to move to adjacent posi- 
tions of lower potential energy in the internal stress fields and 
can do so only slowly as thermal activation assists the stress in 
overcoming the drag on dislocations [52]. This implies that the 
material continues to flow plastically even after the loading is 
stopped. Since the cross-head is stopped this results in a 
decrease in the stress with time. 

The stress relaxation takes place from an initial value o 
to a value at any time t according to a logarithmic law [52] 


cfiven bv 



:^ln(l + it) 





(2. 41) 


yiere 

V is a constant and 

3j- is a constant depending upon the temperature and the 
strain at which relaxation is started. 


The value of can be approximated to 

s = dg 

^ d (In t) 


(2. 42) 


Creep and relaxation are related to each other in the 
sense, that the former involve continued dislocation glide under 
constant stress whereas, the latter under constant strain [53 ]. 
The variation in stress with time can be expressed as: 


da 3£ ^ 

dt “ 3t 3£ * dt 


(2. 43) 


where 


s is the strain and 

3a/9e = 0, coefficient of work hardening i. e. da/de. 


For stress relaxation ^ = 0 and for creep ^ = 0* From these it 


can be deduced that 


do 


d In t 


0 


de 


d In t 


(2. 44) 


From Eq, 2. 19 tensile strain rate can be ejq^ressed as: 


de 1 .dy 

dt ■“ dt 


N 


A b Vq exp [-U(T*,T)/kT ] (2.45) 


This can be rewritten for activation energy as: 


U(t , T) 


Uq - V (T - T^) 


kT ln(i>'t) (2.46) 
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where v' = N A b 

This on differentiation gives 

- V* dx = kT d(ln t) (2.47) 


Taking o= 2 t and rearranging, this reduces to 


dO _ _ 2kT 

d (1 n t ) 

From Eqs. 2. 42 and 2. 48, 


( 2. 48) 


2kT 

V* 


(2. 49) 


Now the stress dependent pairt of the activation energy can be 
obtained as: 


V* (T - T^) = - ^ (T - T^) (2.50) 

More elaborate analysis considering machine specimen 
interaction was given by Sargent [54l as follows* 

The specimen is strained in the machine and the test 
stopped at some specimen length 1^ corresponding to a load L. 

The load cell is regarded as a strong spring with a spring cons- 
tant E. The spring length corresponding to load L is 1^. Then 
the load cell and specimen may be considered as a system held 
rigidly between two points + Ig apart. A change in length 
dl^ of the specimen due to plastic flow causes a load change, 

- dL = E dig (2.51) 


and a corresponding change in stress given by: 
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da 


dL 


a 


(2. 52) 


where 'a' is the cross-sectional area of the specimen. 
Rate of relaxation can be expressed as 

_ ^ ^ ^ ^ ^^s ^ E g 

dt ” a dt a dt a "^s 


(2.53) 


\jhere e is the strain rate. 

It is assumed that a single deformation process is controlling 
the rate of relaxation. Effective stress acting on the disloca- 
tion during thermal activation is given by: 


o. 


e s - o. 
s 1 


(2. 54) 


where 


e 


a . 

X 


is the effective tensile stress at any time t 

is the observed tensile stress at the time t 

is the coefficient of work hardening defined as 
d c 


ds 


vhich is assiaraed constant 


is the internal stress assumed to remain constant, and 
is the specimen strain which may be written as: 
dl_ 


E 1 


(a - a \ 
o t 


(2.55) 


where is the observed stress at t 


Prom Eqs. 2.54 and 2.55, 


0 . 


“t - ‘°o - '’t> 


(2. 56) 


The activation energy for the thermal activation is given by: 


U(t , T) 


U 


V* T* 


( 2 . 20 ) 
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Using a resolution factor of 1/2 for a polycrystalline sample, 
to convert the tensile stress to the shear stress and combining 
Eqs. 2.56 and 2.20, we get: 


U(t , T) 


“c - -r'^t - ‘°o - ^t> - 


(2. 57) 


rate 


The shear strain_^e3<pression (Eq. 2. 19) can be written as: 

r = exp - [u^ - (o^ - a^) + ^ (o^ - o^)]/kT 

S 

(2. 58) 

Using a resolution factor of 1/1.4 to convert the tensile strain 
rate to shear strain rate and substituting from Eq. 2. 58 in Eq. 

2. 53 to get relaxation rate as: 


^-14 § 

dt “ • ^ a 


exp - [ ' 


“o - f “’t - h) * r (“o - "U 


V 


kT 


(2.59) 


If 


E 1 


C = 1. 4 


and 


t ■ [ 


'’o * f tot - °i) to’o - °t) 

S 

kT 


B = 


V 

2kT 


r 0 Q. * 

f- in - 


E 1 


then Eq. 2. 59 reduces to 

dt 


C exp (BO) 


(2.60) 


Assxjiraing that C and B are constants it follows by integration that 


^°o " °t^ 


I In [c B t exp(B u ) + l] 


B 


(2.61) 
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This is in the form of Feltham* s logarithmic law (Eq. 2,41). The 
slope ^of the (o^ - versus In t is identified as: 


S 


_1 

B 


2kT 




( 2.6 2 ) 


i.e. the slope is propoirtional to the reciprocal of the activa- 


tion volxime V for the process controlling the rate of flow. 
Similarly the constant v' is given by; 


v’ = C B exp(B a^) (2.6 3) 

Thus using the experimental values it is possible to 
determine the activation volume according to Eq, 2.6 2, But no 
sound theoretical basis is provided for the logarithmic relation- 
ship between relaxed stress and time. Feltham [52] suggested that 
the jogs in screw dislocations may be responsible for the stress 
relaxation of F. C, C. metals. However, considering the energy 
required for the non conservative motion of jogs in screw disloc- 
ations this view cannot be accepted [54]. 

The technique of stress relaxation has been found quite 
useful to study the phenomenon of plastic strain prior to the 
yield point in molybdenxam and columbium [55] and to study the 
plastic propeirties of copper [52], a-brass [ss], a-iron [56], 
cobalt [ 57 ] and magnesium [ 58] , 

The effect of load stop and strain rate on the load rela- 
xation in molybdenxam and columbiijum was studied by Feltham [ss] ^ 
According to him load relaxation at a constant strain rate 
increases linearly with increase in strain at vAiich load relaxation 
is taking place. Interaction of mobile dislocations with either 
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pinning defects or grain boundaries might be resulting in this 
behaviour. The effect of loading rate on the amount of relaxa- 
tion can be interpreted by assvuning that initially, at each 
stress level, there are a certain nimber of free dislocations 
available for plastic flow. The area swept out by the free dislo- 
cations per unit time depends upon the applied stress. At low 
loading rates more time is spent at each stress level and hence 
fewer dislocations are available for relaxation at each constant 
load stop. 

2. 5 Load Cycling : 

. Fatigue studies and fatigue creep interaction studies are 
well established [59]. But these studies are confined to find 
either the number of cycles to failure or crack growth rates with 
an intention to confirm any one of the life prediction techniques. 
Fatigue experiments have been extensively carried out to measure 
internal friction [60 ]. No energy measurements during low cycle 
fatigue to understand the mechanism of deformation has been done. 
The present work aims at analysing the low cycle fatigue and low 
cycle fatigue- creep interaction behaviours in terms of thermal 
activation. 

It is shown that energy absorbed per cycle decreases with 
the number of cycles during the first few cycles and reaches a 
constant value as number of cycles is increased. This constant 
value is reported to vary linearly with strain rate [si]. This 
suggests that some internal adjustments are taking place to acco- 
mmodate the anelastic strain and this is generally called the 
' relaxation phenomenon' . 
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The present analysis is done by measiiring the energy 
absorption in a cyclic test using a tensile stress range lying 
between a minimum and maximiom stress values, arbitrarily chosen 
to be some fixed fractions of the flow stress as shown in 
Figure 2. 10. 

Material is loaded in tension till some plastic strain 
is accumulated and a shear stress corresponding to this plas- 

tic strain. Then it is unloaded and load cycled between a minimum 
stress =0,1 and = 0.95 Since the loop area was 

generally quite small, a large stress range w^as chosen to obtain 
measurable energy absorption. The irreversible work done during 
each cycle AE is given by [62] 

^2 ATr 

AE = 2 /Td'y = 2/Tdr= 2T_Ar (2.63) 

■^1 ° 

where, t „ is the frictional stress and 

i? 

A'>' is the maximum strain amplitude in one hysteresis 
cycle, taken as the maximum width of loop. 

The frictional stress is taken to be the sum of the 
Peierls-Nabarro stress Tp and the internal stress considered 
earlier, x-p estimations at 0°K for several F.C.C. and B.C.C. 
metals are available [6 3] and is in the range of 10*"^ - lO”^ G(o'^K) 
with a lower value for B.C.C. metals. Moreover, the Tp decre- 
ases with increasing temperatxire, as it depends exponentially on 
the negative of the dislocation width which increases with incre- 
asing temperature. Since the present measurements are all at the 
higher temperatures and since the Tj^ values are in the range 




Fig. 2. 10 


Schematic sketch of 
limits shown. 



load cycling with the load 
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-3 

greater than 10 G, the Xp contribution to energy absorption 
in cyclic deformation is neglected and the AE is taken to be 
equal to 2 t^ Accordingly, 

Ae = 2T^ AT (2.6 4) 


In utilising the ej<perimentally obtained AE values obtained from 
direct tensile cyclic tests certain care is to be taken. The 
on-going equations derived here use shear stress and shear strains 
which are calculated from engineering stress- strain curves using 
resolution factors of i/2 and l/l. 4 respectively [ 31} This gives 
a multiplying factor of 1/2.8 to convert energy under the engin- 
eering stress- strain curves to that under shear stress- strain 
curves. 

During load cycling though there is no macroscopic 
plastic deformation, dislocations which are pinned between two 
points move forward and backward giving rise to small anelastic 
strain as a result of dislocations not coming back to their 
original configurations owing to line tension effects and to the 
presence of internal stress fields [64], This leads to the 
irreversible work done dxiring stress cycling. The shear strain 
amplitude can be taken as: 

AT = p b d (2.65) 


where 

P is the mobile dislocation density 
b is Burgers vector and 

d is the net distance moved by the dislocation after 
one full cycle. 
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From the theory of rate processes [65] the number of 
activations K/sec contributed by each of the thermally activated 
processes to the total anelastic deformation can be given by the 
expression: 

K = 3(~) exp - [ — ] (2.66) 

where 

0 is the transmission coefficient (< 1), 

k is the Boltzmann constant , 

T is the absolute temperature, 

h is Planck's constant and 

•k 

U(t , T) is the apparent activation energy vhich is a 
function of effective stress and temperature. 

The dislocation velocity depends on its forward and back- 
ward jump frequencies. But during forward motion its backward 
jump probability is very small if the stresses are high and neglec- 
ting this term, the expression given by Krausz [66] for disloca- 
tion velocity v can then be written as: 

V = 0 , ^ d* exp - [ 1 ( 2. 67 ) 

where d is a characteristic relaxation distance. 'd ' cannot 
be identified as the activation distance or the distance over 
which dislocation moves during the forward cycle. 

The distance d moved during activation can be related to 
dislocation velocity as: 

d = V Tt (2.68) 
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where is the relaxation time and is equal to the reciprocal 
of dislocation frequency v. 

From Eqs. 2.67 and 2.68 we can write 


V T: 


V 

V 


^ e^q) -[iLLL_|^] (2.69) 


Substituting this in Eq. 2,65, the shear strain amplitude. 


at = 3(g) P b d* exp 


r T) -] 

- L J 


(2.7 0) 


From Eqs. 2.6 4 and 2.70, expression for the energy absorbed per 
cycle can be written as: 

AE = 2T^ 3(g) (P b d*) exp - [ (2.71) 

If V is the activation volume, then the energy absorbed in a 
single activation can be expressed as: 

V* AE = 23 V* '^i(-^-gg-) kT exp (2.72) 


which on rearrangement gives: 


( 


V AE 

kT 


V 


) = 23 (- 


hv 


=) (P 


b d ) 


exp 


[ 


U(T ,T) 
kT 


■] (2.7 3) 


Many of the rate controlling mechanisms of plastic defor- 
mation have an apparent activation energy U{T , t) vAiich depends 
linearly on the effective stress : 

U(T*, T) = T* (2.20) 


where is the activation energy without any stress assistance. 
The effective stress doing work during stress cycling is equal to 
stress range At„ minus the internal stress t.. 

K i 


Accordingly, 
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U(t , T) = - V (ATj^ 




(2.74) 


Using this in Eq, 2.7 3, it can be rewritten as: 


. V* AE > 
^ kT ^ 


2j3i 


•k 

V 

hv 


^ u - V (AT - T . ) 

) (p b d ) exp - [ — — 


kT 


(2.75) 


Taking logarithm on both sides 

V* T 


, .V* AE^ 

in(l?r~) 


ln(2j3(- 


hv 


^■) (p b d*) - ^ 


kT 


(2.76) 

The first term on the right side of the Eq. 2.76 can be treated 


relatively as a constant. This gives a linear plot when InC 


V* Ae 


kT 


) 


is plotted against (1/kT) with the slope equal to . 


V* AE> 


Thus from the slope of ln(-~^;p — ) versus l/kT it is possi- 
ble to determine - the activation energy when no stress is 


applied. can nevertheless have a temperature dependence. 



CHAPTER 3 


EXPERIMENTAL PROCEDURE 


3. i Materials : 

E 2 <perimental x-rark x^'as carried out on both the 9 Cr-1 Mo 
steel and 316 SS. The former was obtained from Indira Gandhi 
Centre for Atomic Research CIGCAR) Kalpakkam, as a forged thick 
section in the quenched and tempered condition. 316 33 was 
procured in the form of rods of diameter 16 mm in the cold worked 
and annealed condition. Chemical compositions of the two steels 
are given in Table 3, 1. 


Table 3. 1: Chemical compositions of the two steels in wt. ^ 


9 Cr- 1 Mo 

C 

Si 

Mn 

s 

P 

Cr 

Mo 

N 

St eel* 

0.09 

0« 75 

0. 67 

0. 0003 

0. 02 

9. 27 

1. 05 

0. 054 

•&* 

316 SS 

c 

Ni 

Cr 

Mn 

Si 

P 

S 

Mo 

0. 08 

10-14 

16-18 

2. 0 

1.0 

0. 045 

0# 036 

2-3 



max. 









* As given by IGCAR Kalpakkam 
** Nominal composition [ 4 ]. 


9 Cr-1 Mo steel sections obtained were cut into small 
square sections of 11 mm x 11 mm and the length that was possible 

with the original section. 316 SS rods were sw’aged down to 11 mm 

o 

diameter rods and then annealed at 750 C in Argon atmosphere for 


2 hours. Test samples were machined out from these materials; 
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dimensions of the test specimen are given in Figure 3. 1, The 
specimen surface was polished mechanically following machining. 

The micro structures of the materials are shown in Figure 
3.2. The grain size of these materials was measured and it was 
in the range of 20-30 ja. 

3. 2 Mechanical Testing : 

The specimens were tested in a floor model Instron 
Universal Testing Machine (Model Mo, 1195). The tests conducted 
were: 

1. Constant strain rate tension tests. 

2. Strain rate changing tests for the measurement of flow stress 
increments. Strain rate changes were made by instantaneously 
changing the box cross-head speed from a base strain rate 

= 2,99 X 10 /sec to higher strain rate ^2 = 2. 99 x 10 / 

sec. Only two strain rates were used, 

3. Stress relaxation tests: Specimens were pulled at constant 
strain rate to a plastic strain 6p and then machine was 
switched off to allow the load to relax. 

4. Load cycling. 

5. Load cycling with a creep hold at maximtim load. 

All the tests were conducted at the temperatures of 
298K, 423K, 57 3K, 7 23K and 87 3K. High temperature tests were 
carried out using the high temperature grip assembly and enclosing 
the complete assembly in a cylindrical furnace. Temperature was 
controlled with the help of a temperature controller attachment 
to about _+3K. Temperature was continuously monitored by placing 
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5'oo ^ 



> 



^oo 


Fig. 3. 2 


Micro structures of (a) the 9 Cr-1 Mo steel and 
(b) 316 3S. 
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a chromel alumel thermocouple touching the gauge length zone of 
the specimen. 

The thermocouple readings were noted down at regular 
intervals of 2 minutes with the help of a direct reading digital 
multimeter. At each temperature, the specimens were allowed to 
be soaked for 30 minutes before the commencement of testing. 

Constant strain rate tests were conducted at a nominal 

-4 

strain rate of 2.99 x 10 /sec. For strain rate cycling tests a 
strain rate ratio of € 2/^1 = iO was used where is base strain 
rate (e ^ = 2.99 x 10 /sec) and s -2 '^'he new strain rate = 

2.99 X 10 /sec). Very little amount of straining was allowed 
at the newer strain rate to avoid appreciable changes in micro- 
structure. 

During the constant strain rate tests, 9 Cr~l Mo steel 
showed serrated flow at 57 3K. So constant strain rate tests 
were conducted at different temperatures in the range of 523K to 

673K. Tests were carried out in the strain rate ranges of 2.99 x 

-“5 -“3 

10 /sec to 1. 19 X 10 /sec. Since no serrated flow was observed 

in the case of 316 SS, no further investigations were undertaken. 

In stress relaxation tests, straining was done at a 

-4 / 

nominal strain rate of 2,99 x 10 /sec to a particular strain 
Sp and corresponding load level. Then machine was switched off 
and load was recorded on a chart with constant speed. VJhen no 
recognisable load drop was attained, the specimen was furbher 
strained at the basic strain rate to a higher strain and then 
again allowed to relax. The procedure was repeated. A schematic 
sketch of relaxation test is shown in Figure 3.3. 
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Load cycling tests were done under a constant nominal 

- 

strain rate of 2.99 x 10 /sec. Initially the loading was done 
to a particular plastic strain and the corresponding flow 
stress after ■^^hich the specimens were unloaded. Load cycling 

was done between ®min ~ ^ ®m arbitrary 

but fixed number of 7 0 cycles. Load versus elongation graphs 
were plotted at regular intervals. After 7 0 cycles, the specimens 
were unloaded and again loaded to a higher strain and correspon- 
ding stress. Load cycling was carried out taking the limits 
corresponding to the new flow stress, again for 70 cycles. The 
procedure was repeated at incremental plastic strain. Finally 
the specimens were pulled in tension. [schematic sketch is shown 
in Figure 3. 4a]. 

Load cycling with creep hold tests were also done in a 
similar manner. The difference was that samples were held at the 
maximum stress for one minute. The time of one minute was chosen 
from the stress relaxation tests where most of the relaxation was 
found to take place within this time. A schematic sketch of load 
cycling with creep hold is shown in Figure 3. 4b. 

Energy meas^lrement s were done from the load- elongation 
curves using a mechanical planimeter to find the area. The area 
was multiplied by a suitable mioltiplier depending upon the full 
scale load and chart and cross-head speeds. 

For all the above tests, machine stiffness corrections 
were applied by conducting similar tests using much thicker samples. 
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Strain € 


Tim c 



Fig. 3. 4 


Sc±iematic sketch of load cycling (a) without creep 
holds and (to) with creep holds of one minute at 
maximum load. 





CHAPTER 4 


RESULTS AND DISCUSSIONS 


4. 1 General : 

Typical engineering stress- strain curves obtained from 
constant strain rate tests are shovrn in Figures 4. 1 and 4. 2 for 
9 Cr-1 Mo steel and 316 SS respectively. Ultimate tensile 
strength (UTS) and 0. 4^ proof stress were obtained from these 

plots. Shear modulus corrections were applied to these values. 
Ratio of flow stress at the temperature and that at the room 
temperature following the method of Basinski [ 67] is plotted as 
in Figure 4. 3 along with the absolute values of UTS and These 

values agree very well with the reported values [ 2 , 4] . Serrated 
flow was observed in the case of 9 Cr-1 Mo steel at 57 3K (ref. 
Figure 4. 1) but 316 SS did not show any noticeable serrated flow 
even though it is known to exhibit this behaviour with different 
combinations of temperature, strain rate and grain size [68, 39]. 
The Oy and UTS plotted in Figure 4.3 show a flat region upto 7 23K 
and then dropdown [9 Cr-1 Mo steel] to about 50% at 87 3K. 

4. 2 Strain Rate Cycling : 

Some selected true stress, true strain curves under strain 
rate cycling tests are given in Figures 4.4 and 4.5 for 9 Cr-l Mo 
steel and 316 SS respectively. Shear stress and shear strain are 
obtained from the true stress and true strain using resolution 
factors of 1/2 and 1/1.4 respectively [3l]. 







Flow Stress Ratio Stress MPa 





True Stress MPa 



Fig. 4. 4 Some selected strain rate cycling curves for the 
9 Cr-1 Mo steel. 

Note: In all subsequent representations the resolved 

shear stress (t ) and shear strain ( r) are obtained 

from the corresponding tensile test data by usina 
T = 0/2. r = e/i. 4. ^ 
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4. 2. 1 Determination or m : 

The inverse of strain rate sensitivityC m) at a particular 
strain is calculated from instantaneous strain rate change tests 
and using the relation: 


= i = ( A In f s ^ In 

m ^Alnr Y ~ ^ 


(4. 1) 


where t 2 ^.nd are the shear stress values at the two shear 
strain rates ^2 and respectively. The values of m' obtained 
in this manner at different strain levels are plotted against 
shear strain in Figures 4.6 and 4.7. The general increase in m' 
observed is consistent with the observations in iron single 
crystals by Michalak 

'}c 

The value of m at any temperature is determined by extra- 
polating m' versus shear strain (r) plot to zero strain according 
to Eq. 2.30. This procedure is repeated at any other temperature 
for both 9 Cr-1 Mo steel and 316 S3 to obtain the values of 

’^(T ''At 

velocity stress exponent m . The variation of m with temperature 
for both steels is given in Fig-ure 4.8. A linear relationship is 
observed and no abnormality in the region of dynamic strain ageing 
was seen. The velocity stress exponent decreases with increase 
in temperature, in agreement with the reported behaviour (ref. 
Figure 2.9). 


4.2.2 Stress components T, x^^ and x* : 

From the stress increment AT obtained under applied 
strain rate ratio ^ 2 / effective stress x and internal stress x^ 
are determined at various temperatures employing the Eqs. 2.11 and 



1/m 


400 


9Cr1Mo Steel 



f 


Variation of reciprocal of strain rate sensitivity 
parameter, rn' (= 1/m = ) at different tempe 

ratures for the 9 Cr- 1 Mo steel. 


Fig. 4.6 




0 


Fig. 4. 


0-02 0 04 0-06 0-08 0.10 


7 Variation of reciprocal of strain rate sensitivity 
parameter, m'(= 1/m = different tempe 

ratures for the 316 35* 



Temperature K 


"k 

Variation of velocity stress exponent m with tempe- 
rature (v = const, (t ) , t = effective stress as 

in Fig. 4. 9) . 
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2. 13. The values are found to be approximately equal to the 
flat region value of flo\^ stress versus temperature curves in 
Figure 4.3. The calculated values of t and Tj are plotted 
against shear strain in Figures 4. 9 and 4. 10 for the two mater- 
ial s. The shear stress data in these figures correspond to the 
base strain rate (2.99 x 10 /sec). 

The effective stress remains almost independent of strain 
as can be seen from Figures 4. 9 and 4. 10. This shows that there 
is no appreciable change in the density of mobile dislocations 
with increasing the strain rate. With the increase in temper- 
ature, t is observed to decrease in support of the theory of 
thermal activation. 

The Figures 4. 9 and 4. 10 show that the internal stress 
increases with strain. The increase in internal stress is due to 
the increase in density of dislocations. The ratio a between the 
internal stress and the applied stress is plotted against shear 
strain at different temperatures in Figure 4. 11. The increase in 
internal stress with strain is clearly manifested in these plots. 

A negative internal stress is obtained for 9 Cr-1 Mo 
steel at 87 3K. At this temperature 9 Cr-i Mo steel reaches ulti- 
mate tensile strength (UTS) at a very low strain and UTS and 0. 4^ 
proof stress (a^) are comparable. Furthermore, there is a 
drastic reduction in strength at this temperature resulting in 
easy flow of material once the yield point is reached. The steel 
has a tempered martensitic structxire, and there might be consi- 
derable alterations in the micro structure resulting in a negative 
internal stress at higher temperatures. 



f shear st] 
steel at (a) 
T = effect 


1 stress) . 
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4. 2, 3 Activation parameters^ 


The evaluation of activation volume using the strain 
rate change tests is done according to the Eq. 2,22a 


V" 


= kT(- 


In r^/r. 
At 


T,r 


(2. 22a) 


Activation volume obtained is plotted against the effective 
stress at different temperatures as in Figure 4. 12. The para- 
bolic curves obtained by least square fit are extended on both 
sides for better comparison. The parabolic relation obtained is 

in agreement with the repoirted behaviour [31, 54]. Activation 

3 3 

volume ranged between 90 b and 600 b for 9 Cr-1 Mo steel and 
50 b to 800 b"^ for 316 33. 

At a particular strain, the value of V t is calculated 

using the experimentally determined V and x values. This is 

repeated at other strains and an average V x value is obtained. 

Similarly V x values at other temperatures are also obtained. 

Determination of the activation energy is done according to Eq. 

* * 

2.33, A plot of — versus l/kT as in Figure 4,13 should yield 
a straight line, for a single activation process. The activation 
energy values obtained as the slope of these straight lines for 
9 Cr— IMo steel and 316 SS are 4. 8 x 10 J (2.99 eV) and 3.6 x 
lO”^^ J (2.25 eV) respectively. The intercepts had small nega- 
tive values of -9. and -13 for /y giving the thermal compo- 
nent of activation energy U(x , T) = - kT In V at any tempera- 
ture to be about 9 kT and 13 kT for 9 Cr-1 Mo steel and 316 SS 
respectively. 



9Cr1Mo Steel 


o 298 k 
» 423 K 
• 723 K 

X 873 K 


4 6 


316SS 


a 298K 
o 423 K 
A 573 K 
X 723 K 


X ^27, 3 . 
V X 10 (m ) 


ctivation volume V* versus effective stress x 
Dr (a) 9 Cr- 1 Mo steel and (b) 316 3S. 

ote: Thick lines with points marked show the 

xperimental regime. V*x* = constant, or 
= constant/V* ) . 
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An estimation of the dislocation frequency can be made 
using the intercepts In V the tvo materials. We have for 
9 Cr-1 Mo steel 


In r/r^ = in r/NAbj; = -9 


- exp ( 9 ) 

NAb 


Taking: 

ISI = 10^^/m^ (determined later from toughness measurement 

A = 50 

b = 2. 5 X m and 

= 2.99 X 10 " V sec. 

^ ^ 2.99 X 1Q~^ X exp(9) ^ ^^12 

10^^ X 50(2.5 X 10" ^(2.5 x 10“^°) 

, . . - 12 J 

Similarly for 316 SS v is found to vary in the range of 10 - 10 

This is consistent with the generally accepted dislocation vibra- 

- 1 - 2 

tion frequency of 10 to 10 times the atomic vibration frequ- 
13 

ency of 10 


Extensive literature [69 ] is available on dislocation 
mechanisms for thermally activated deformation in pure metal 
single crystals and alloys including a variety of steels. In 
fact in single crystals the identification of the rate control- 
ling mechanism is rather easy. In materials like the 9 Cr-1 Mo 
steel and 316 SS which have different precipitate particles and 
large number of grains# the activation process may not be simple. 

A spectrxam of obstacles may have to be overcome by the dislocatior 
and hence an identification of a rate controlling process is 


dif ficiilt. 
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tAG 3.ctivstxo3n ps.X'cunG'tiGirs olDs63rv0<3 in tln^ TD3r0s0n't 
worl<i and in view of the fact that in individual gxains at least 
2—3 slip systeiTis aire operating, a potential inechanisrn to consider 
vjo tild oo tne intersection on two dislocacions* "This is one of 
tne most extensively investigated mechanisms in pure metals and 
alloys, .ooth as a thearmally activated mechanism and also as a 
source of work hardening. Intersection leads to the formation 
of jogs and kinks on dislocations. Majumdar and Shetty [7o] have 
estimated ohe activation energy for the intersection of two dis- 
locations loading to the formation of two jogs. Considering two 
extended dislocations the activation energy was calculated as 
the rum of energy of formation of two jogs, energy of constriction, 
Cv>rn'.'rs and an additional shoirt range interaction betiween one jog 
and the other dislocation that builds up during intersection. 

The activation energy is estimated to be about 4.518 x J 

(2. S2 cV) . The activation energy values obtained in the present 
work - 4.8 X J (2.99 eV) and 3.6 x lo"^^ J (2.25 eV) respec- 

tively Lor 'J Cr-1 Mo steel and for the 316 3S - can be completely 
accounted lor.if dislocation intersection is taken as the rate 
c~^ntrolliny process. The activation volumes are also in good 
agreement with such a mechanism. 

.Assuming that square kinks are formed on the intersecting 
dislocations along the line of approach, an average activation 
distance d can be estimated from the activation volume using the 
rol 4ti.,.»ns V* = A*b and d * '/‘A*. The value of d ranges between 

10 b to 25 b for the 9 Cr-i Mo steel and 5 b to 30 b for 316 SS. 
i-. i^lot o;. (t*/G) versus d/b is shown in Figure 4. 14. A least 
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jquare fit gives a relationship of T* «; contrary to an 

expected hyperbolic force-distance curve for infinite disloca- 
tions. With t d the value of n = 0. 5 lies in the range of 
0.8 2 II > 0.08, determined by Shetty and Hirth [7l] using an 
approximate shape and exact energy method for t'wo intersecting 
dislocations and the theory of infinitesimal dislocations. This 
reaffirms the intersection of dislocations as the rate control- 
ling process. 

4. 3 Dynamic Strain Ageing : 

Serrated flow was observed in the 9 Cr-1 Mo steel in the 
range of 5 23K to 673K in the nominal strain rate test as shown 
in Figure 4. 15. Effect of strain rate on the stress- strain curve 
is shown in Figures 4.16, 4.17 and 4.18 at the temperatures 523K, 
57 3K and 648K respectively for the strain rates ranging from 
2.99 X 10“Vsec to 1.19 x 10“^/sec. 

From these stress- strain curves critical strain values 
for the onset of serrated flow were obtained. Variations of 

In e with In e ,and In e_^ with 1/T are shown in Figures 4.19 and 

c c 

4.20 respectively. From these plots we get m^^ + )3 = 2. 3, 3.1 
and -3.3 as the slopes of In e versus In plot at 523K, 573K 
and 648K respectively. The plot of In versus l/T at a constant 

strain rate gives a series of parallel straight lines correspon- 
ding to different strain rates. The plot shows a reversal at 
higher temperatures but the magnitude of the slope remains 

unchanged. The slope of the plots give [Q^/k(m^+0)] = 3.1x10^ 

3 

at temperatures less than 580K and -3.1 x 10 above 580K. From 
these experimentally obtained values, activation energy for the 
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d 250 C 

• 300"C 

♦ 375"C 


Variation of critical strain at the appearance 
of DSA in 9 Cr-i Mo steel as a function of 
strain rate at different temperatures. 


9 Cr- 1 Mo 
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> M9 X 10^/ 
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Variation of critical strain at the 
DSA as a function of temperature at 
^t-rain rates. 
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process is obtained as 9.839 x 10"^° J (0.614 eV) , 1. 326 x 10~^^ J 
(0.828 eV) and 1.369 x 10 J (0.854 eV) at 5 23K, 57 3K and 648K 
respectively. 

The activation energy for carbon diffusion in iron is 
about 1. 2 X 10 J (0.75 eV) , The ejq^erimentally obtained values 
agree with this value within the experimental error. Hence the 
arrest of dislocations by carbon diffusing into the dislocations 
might be the rate controlling process. 

Figure 4. 20 shows an anomalous behaviour of In s versus 

c 

1/T at higher temperatures. A similar behaviour is also observed 
in Figure 4. 19. It indicates that the carbon may be tied up in 
some other way than the pinning of dislocation during the earlier 
parts of the deformation process at these higher temperatures. 
Similar behaviour was reported by Nakado and Keh [47] for Ni-C 
alloys, Hayes and Hayes [46] for Waspalloy and Hayes and Hayes [48] 
for AISI 1020 and 2:^r-l Mo steels. 

4. 4 Stress Relaxation : 

Stress relaxation as a function of time for the 9 Cr-1 Mo 
steel strained to 3fo tensile strain at different temperatures is 
shown in Figure 4,21. In general, the amount of stress relaxed 
in a particular time decreases as temperature is increased upto 
57 3K. Above this temperature, the relaxation is increased but 
again following the same trend with temperature. Similar beha- 
viour is also observed in Figures 4.22 and 4.23 \iiich show stress 
relaxation taking place in samples deformed to 4.7^ and 6.0?^ 
tensile strains respectively. 




:rs 
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-biguirss 4. 24 aiic2 4. 25 (jiv© th© vsiriation of stiTSss jtoIsx— 
©tion ©s © fu.nctxori ox txiti© xox* to© 9 Ct—l Mo st©©l *5©foirxn©c^ to 
diff©rent strain levels at 298K and 7 23K respectively. Both of 
these show that the stress relaxed in a particular time period do 
not vary much as strain level is changed. Nevertheless, the 
increase in stress relaxation as the strain level is increased 
can be clearly seen. 

figures 4. 26, 4. 27 and 4.28 show the results of stress 
relaxation experiments on 316 33 done at different temperatures to 
strain levels of 3?L‘, 5. 5yi and 8. 2^4 respectively. A behaviour 
similar to that of the 9 Cr- i Mo steel is observed although the 
stress relaxed at 723K is not greater than that at 298K. Stress 
reiaxacion as a function of time at different strain levels at 298K 
and 423K are shown in Figures 4.29 and 4.30 respectively. As obser- 
ved in 9 Cr- 1 Mo steel, the stress relaxation increases with the 
increase in the strain level. 

These observations can be ej<plained by considering the 
dislocation motion, since the stress relaxation takes place due to 
the continued motion of dislocations at constant strain. At any 
particular stress, the nxamber of dislocations crossing the barr- 
iers depends on the thermal fluctuation. At higher temperature, 
thermal fluctuations enhance the number of dislocations moving 
past the obstacles. This results in decreased number of disloca- 
tions hi.'ld up at the barriers which are available for stress 
relaxation as temperature is increased. 

Physical metallurgy of both these steels is well known 
[l, 8, 7 2, 73], Secondary hardening takes place in the temperature 
range of 700-900K. This would increase pinning of dislocations. 
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These dislocations would be thermally activated causing plastic 
flow and stress relaxation. 

The stress relaxation versus time in log scale fall on a 
straight line very much like the original findings of Feltham [52, 
53 ]. A least square fit was used to get the slopes of these plots. 
This is used to calculate activation volume using the rewritten 
Sq. 2.6 2, 


V 


2kT 


/ [1 


Qa 
E 1 


(4. 2) 


wnere 


3 , 


O 


o . 


© 


a 

E 

1 , 


is the slope of versus t plot, 

is the stress at the beginning of stress relaxation, 

is the stress at any time t, 

is the work hardening coefficient, 
da 


de 


obtained from the true stress versus true strain 


curve, 

is the cross-sectional area of the specimen, 
is the modulus of load cell and 

is the length of the specimen at the strain at w^hich 
relaxation is done. 


in the present case, 

0 = 2500 MPa (2500 N/ram^) 

2 

a = 7. 05 mm 

E = 3. 3 X 10^ N/mm and 

1 = 28.5 mm 

s 

This gives 

E 1 

s 


0. 0002 
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Hence this term can be neglected without much effect on the calcu- 
lated value of activation volume. Activation volumes calculated 
are shown in figures 4.31 and 4.32 against shear strain at diff- 
erent temperatures for the 9 Cr-1 Mo steel and for the 316 S3 
respectively. As can be seen from these plots, activation volume 
essentially remains constant with strain and increases with incr- 
ease in temperature. Activation volumes obtained fall in the 
ranges of 100-200 h'^ for the 9 Cr-1 Mo steel and 50 to 150 b^ for 
the 316 SS. 

4. 5 Load Cycling : 

It was observed that the introduction of creep hold does 
not alter the amount of energy absorbed per cycle. Hence only 
the results of simple load cycling tests are represented. Experi- 
mentally obtained energy absorbed per cycle (AE^) values are shown 
in Eigure 4, 33 as a function of time and tensile strain at which 
load cycling was carried out. The energy absorbed per cycle values 
are observed to fall in a band in both the steels. 

Eor the experimentally obtained values of energy absorbed 
per cycle, a multiplication factor of 1/2.8 was used to get the 
energy under shear stress- strain curves. Shear modulus and lattice 
parameter corrections are applied to these energy values. The 
shear modulus variations are obtained from the works of Engler [74 . 
on S.C.C. iron and Hoke [75] for 9 Cr-1 Mo steel and 316 SS respec- 
tively. To correct for the variations in lattice parameter, the 
thermal e^^ansion coefficient ft = 12 x 10 / K for steels is made 

use of in both the cases. The correction factor is given by 






Activation volume determined from stress relaxation 
versus shear strain for the 316 SS at different 
temperatures. 





AEJoules/Cycle^*' ^ Eo Joule s/cyd' 



Temperature K 



Temperature K 


Energy absorbed per cycle, Ae^ versus tempera 
ture at different strain levels for (a) 9 Cr- 
1 Mo steel and (b) 316 33. 
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. 2 

S 

where 

is the shear modulus at 0°K 
is the shear modulus at T^K 
is the lattice parameter at 0°K 
is the lattice parameter at 
= b^d + aT) 

a is the thermal e^roansion coefficient 

[b^ = b^ i + 2aT + = b^(l + 2aT)] 

-i?i»jure 4. 34 shows the variation of ratio of energy absorbed 
per cycle (not corrected for variations in shear modulus and latticf 
parameter) to twice the elastic energy against temperature. For 
9 Cr- i Mo steel it shows a high value at 87 3K. Probably the 
curves obtained show a peak at around that temperature which is to 
oe confirmed by carrying out energy measurements at temperatures 
less than 298K and higher than 87 3K. The shape of these curves is 
very similar to those found in internal friction after work hard- 
ening which is known as Kdster peaks. 

Variation of the ratio of energy absorbed per cycle (not 

corrected for variations in shear modulus and lattice paramter) to ' 

twice the elastic energy of 316 SS with temperature shows a small i 

but wide peak at around 600%. Before commenting on this beha- 

viour it is necessary to make experimental measurements at other '' 

temperature regions. , 

V^ ^ 

Figure 4. 35 shows the variation of ln(-^^;p — ) versus l/kT 
where AE is the value corrected for shear modulus and lattice 


(— 2 ) ^ 

^G^^ (1 + 2aT) 
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pa.irdm 0 t 6 ir vQ.irid.uioiis® Ths linsaLir plot yivBs tlio slopo \ra.iryin.g 

^21 9 1 

Detween 7®8 x 10 J (0®049 eV) and 8.6 x lO”' J (0.054 eV) for 

the 9 Cr-i Mo steel and, 4. 4 x i0“^^ J (0. 027 eV) and 4. 8 x 10~^^ J 
(0.03 eV) for 316 SS. From these slopes and knowing V*, At and t., 
the value of is calculated at different temperatures. The 

variation of with temperature is shown in Figures 4.36 and 4.37 

for the 9 Gr-1 Mo steel and 316 33 respectively. The values of 
Uq at different temperatures agree with the values of the binding 
energy of carbon to a dislocation. Hence the activation process 
which controls the dislocation motion during load cycling might be 
overcoming the interaction between carbon interstitials and a 
dislocation. 

The variation of with temperature is interesting and it 
differs in the two materials considered. 9 Cr-i Mo steel which 
is B.C.C. gives a decreasing with increase in temperature. This 
is in agreement with the fact that thermal fluctuations decrease 
the binding energy. But the behaviour of 316 33 is in opposition 
to this, and increases with temperature and shows a peak at about 
650K. Dislucations in the 316 33 with an F.C.C. structure, will 
be extended giving rise to stacking faults and stainless steels 
are known to have a stacking fault energy of about 25-45 mJ/m . 

The iuzuki interaction -which involves either segregation of substi- 
tutional solutes into the stacking fault or their desegregation 
would lead to carbon- substitutional solute atom binding instead of 
carbon-dislocation binding. All these would lead to a complicated 

behaviour. - 

Here it is interesting to consider the first term on the 


right side of Bq. 2.76 



Jou les 







Joules 
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in(^) 


* 

V T. 


= In 2)3 (- 


nv 


(P b d*) 


u 


V (AT - T.) 
R 1 

kT 


(2.76) 


The value of 13 may vary between 0 and 1. Activation volume is 

obtained from relaxation test andXj^ from strain rate cycling tests 

as 60fr. of flow stress t^. The value of V*t^ remains essentially 

constant with temperature. In the present work for the 9 Cr-1 Mo 

steel it is 3.0216 x J (1.886 eV) . The dislocation density 

in this material is of the order of 10 as determined in a 

later section. The characteristic distance d* can be of the order 

of Burgers vector b which is 2.5 x 10~'*‘° ra for iron. The frequency 

of vibration of dislocation can be of the order of 10 to 10 /sec. 

12 

Assuming the dislocation frequency to be 10 /sec, we can estimate 
the constant as 

19 


In 


X p X 


3. 0216 X 10 


6.6 3 X 10"^^ X lO'*'^ 


X 10"^^ X 2. 5 X 10“ X 2. 5 X 10"^° 


5. 16b 


0. 0 < 3 < 1. 0 


V* AE 


This estimation of the intercept of In — — versus 1/kT plot 
matches with the experimentally obtained value which ranges between 
5.0 and 5.75 at different strain levels. This close agreement 
between the experimental results and theoretical prediction would 
support the analysis. 


4. 6 Toughness Measurements : 

Toughness values are obtained for the direct tensile tested 
samples. The specimens which were cycled for 70 cycles at three 
strain levels were then pulled in tension till fracture. The same 
was done for the specimens tested for load cycling with creep hold. 
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Toughness values obtained for each set of conditions are plotted 
against temperature in Figure 4.38 after applying shear modulus 
and lattice parameter corrections as explained in an earlier sec- 
tion. These values fitted into a series of straight lines of the 
form U = - TS where is the toughness at absolute zero, U is 

the toughness at any temperature T and S is the slope correspon- 
ding to an entropy term. The toughness value of 316 3S at 298K 
was deviating very much from this linearity. This is associated 
wich a very high strength and strain to fracture when compared to 
the high temperature values. The values of S and obtained by 
a least square fit are tabulated in Table 4. 1 after applying a 
multiplication factor of 1/2.8. This is required because the 
measured toughness values are corresponding to engineering stress- 
strain curves and relating this to dislocation mechanism requires 
a convertion to shear stress- strain toughness. 

/fnen a crystal is plastically deformed a part of the work 
of deformation is stored in the lattice while the remaining work 
is dissipated as heat. The stored energy is used up in the form- 
ation of vacancies and as dislocation strain energy. It has been 
shown that the energy stored with the dislocations is about of 
the total work [7 6], The vacancy creation amounts for about 4,5 
times the energy associated with the dislocations [77], i.e. , 
about 22.5/ of the total work is used up generally in the creation 
ut point defects most of which would be vacancies. The remaining 

portion gets converted into heat. 

The energy stored in dislocations depends only a little 
on the dislocation configuration, provided they are not piled up 
in large groups and the energy per unit length is given by. 



Corrected Toughness J/m 
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V _ , , 2..V , ,R , 

""s ” 411(1 - v) ^ ln(— ) 

o 

where, 9 is the composition angle, 

R is the outer cut off radius, 
r^ is the inner cut off radius and 
1 / is the Poissons ratio. 


(4. 3) 


In heavily deformed materials a suitable selection of the outer 

cut off radius R is to be made. In specimens of diameter 0. 003 m 

the dislocation strain field may not extend beyond a radius of 

iO m. h suitable approximation wull be the average spacing 

i/ 2 

between dislocations which is simply (l/p ' ) where p is the dis- 
location density. Generally dislocation density is of the order 
of 10 to 10 /m"'. It gives an average spacing of 10 m which 
will be very good approximation for the outer cut off radius. 
Taking v = 0. 3 and 9 = 'n;/4, energy per unit length of dislocation 
can be w’ritten as'* 

Eg = 0.58 Gb^ (4.4) 


The energy stored by dislocations is related to the toughness at 
O^K as: 

0.05 = p Es (4.5) 

where p is the dislocation density. Dislocation density can be 

10 2 

estimated using this relation. Taking G = 8.7 x 10 N/m and 
b = 2. 5 X lO”^*^ m at 0°K, Eqs. 4.4 and 4.5 can be combined to get 
dislocation density. The estimated dislocation density values 
are given in Table 4. 2. 
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Table 4. i: Intercept and slope 3 converted to shear values 

for the different test conditions 


Test 

1 

1 S = Slope^ 


1 Uq == Intercept/ lo”^ J/m^ 

! 9 Cr- i Mo 

-I _i_ 

316 SS 

19 Cr-1 Mo 

„ ,1 - 

i 316 3S 

I 

Direct tensile 

35524 

425 29 

4. 4893 

6.7479 

Fatigue 

45 239 

57 204 

4.76430 

7. 1021 

Fatigue + creep 

44015 

52576 

4.6979 

6.9971 


Table 4. 2: Estimated values of dislocation density and 

concentration for the two steels 

vacancy 

Test 

Dislocation density, 

10 "W 

Vacancy concentration, 

10 


9 Cr-1 Mo ; 316 33 i 

1 ! 1 

' 9 Cr-1 Mo i 

i 1 

3 16 33 

Direct tensile 

0.711 1.06 


2. 55 

3. 83 

Fatigue 

0.755 1. 12 


2.71 

4. 03 

Fatigue + creep 

0.745 1. 11 


2.67 

3.97 
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Vacancy concentration can be estimated from the energy 
used up in creating vacancies. The energy of formation of a 
single vacancy in i?e is 1.76 x 10" J (l. l eV) . The vacancy 
concentrations calculated for the three conditions are shown in 
Table 4. 2. 


The entropy of a dislocation array is composed of posi- 
tional entropy, vibrational entropy of the dislocation line and 
vibrational entropy of the surrounding lattice. The first contains 
contributions from the position of dislocation loops in the lattice 
and from the possible internal configurations of the loop, it is 
estimated to be 2k per atomic length of dislocation line. The 
vibrational entropy associated with dislocations is about k per 
atomic length while the increase in vibrational entropy of the 
lattice is 2k per atomic length of dislocation. Thus the total 
entropy per atomic length of dislocation line is of the order of 
5k per atomic length. The entropy per unit volume due to dislo- 
cations is then. 


■^dis 



(4.6) 


The estimated entropy values are given in Table 4. 3, columns 2 
and 3. 

The entropy associated with vacancy creation is given by 

= k n In ; N » n (4.7) 

vac n 

where 

n is the vacancy concentration and 

'in is the maximTom possible vacancy concentration equal to 
the number of atomic sites per unit volume. 
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The entropy values calculated are tabulated in Table 4. 3, colimns 
4 and 5. 

The total entropy contribution due to dislocations and 
vacancies contribute only to about 50^i of the entropy of deforma- 
tion. The remaining part could be attributed to the heat dissi- 
pation in the specimen during deformation but the measurements in 
this connection were not carried out. 




CHAPTER 5 


CONCLUSIOISIS 

The e>qperimental results on different aspects of deforma- 
tions can be used in arriving at the following conclusions^ 

1. The velocity stress ejqjonent m for both the materials 
decreases with the increase in temperature without showing 
any abnormality in the temperature range of dynamic strain 
ageing. 

2. In confirmity with the theories of thermal activation, 
effective stress is independent of strain at a constant 
temperature and at a constant strain decreases with increase 
in temperature and the internal stress increases with incr- 
ease in strain at constant temperature and strain rate. 

3. Prom the activation energy values of 4.8 x 10 J (2.99 eV) 

— IQ 

for 9 Cr-1 Mo steel and 3.6 x 10 J (2.25 eV) for the 

3 

316 3S, and the corresponding activation volume of 90 b 
to 600 b^ for 9 Cr-1 Mo steel and 50 b^ to 800 b^ for the 
316 38, determined from the strain rate change tests the 
rate controlling process can be identified as the intersec- 
tion of two dislocations leading to the formation of two jogs. 

4. Experimentally it is found that V* t* = Constant giving rise 
to a hyperbolic relationship between activation volume V 

•k 

a»i effective stress t . 

5* ;4ith the rate controlling mechanism identified as disloca- 
tion intersection, the force (F) -distance (d) relationship 
is found to be of the type. 
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F = Constant x d * 

6. The diffusion of carbon atoms on to dislocations controls 
the process of dynamic strain ageing in 9 Gr-1 Mo steel in 
the temperature range 523K to 648K. 

7. The activation volxme for stress relaxation is found to be 
about 1/4 the activation volume required for plastic deform- 
ation as determined from strain rate change test. 

8. The energy absorbed per cycle in load cycling increases 
with strain and at the same strain decreases with increase 
in temperatures. 

9. The cause of microstrain in load cycling experiments may be 
attributed to the relaxation of carbon atoms from pinned 
positions of dislocations resulting in small dislocation 
motions. The process is simple in the 9 Cr-1 Mo steel 
whereas in 316 S3 it is complicated because of the presence 
of stacking faults which give rise to in addition a Sustfci 
type of interaction with sxibstitutional solution. 
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